phonium, and quaternary ammonium ionic liquids, increasing the alkyl chain length on the cation headgroup tends to swell the non-polar domain leading to a progression from globular morphology to a loosely-defined bicontinuous morphology with percolating polar and non-polar domains. [13, 14, 33, 34] Conversely, at a given length of the alkyl chain on the cation, the polar domain may be enlarged (or reduced) by selecting an anion with a larger (or smaller) molar volume. [11] An alternative approach to altering the polar and non-polar volume fractions is to consider mixtures of two or more ionic liquids with differing chemical structures. [29] We hypothesize, for instance, that in an amphiphilic ionic liquid mixed with a predominantly polar ionic liquid, which preferentially locates within the polar domain, the polar versus non-polar volume fraction and accordingly the morphology can be tuned by simply altering the composition. Any number of ion chemical structure combinations can be envisioned for the mixture components. Additional and more complex morphologies can be accessed by mixing ionic liquids with differing chain lengths as well as other chemical structure features. [29] Totally unexplored is the influence of composition-dependent morphology and the accompanying mesoscale aggregate dynamics on the physical and chemical properties of ionic liquid mixtures. Unraveling this interplay requires the systematic investigation of well-chosen mixtures by a combination of techniques capable of probing mesoscale aggregate morphology, ion and mesoscale aggregate dynamics, as well as the bulk or macroscopic transport properties.
In this study, we highlight an approach in which complementary experimental and computational techniques are employed to investigate changes to mesoscale aggregate morphology and dynamics as a function of composition in binary mixtures of the ionic liquids 1-octyl-3-methylimidazolium tetrafluoroborate (C 8 MIm BF 4 ) and 1-ethyl-3-methylimidazolium tetrafluoroborate (C 2 MIm BF 4 ). We find that by mixing these two imidazolium ILs, which differ only in the cationic alkyl chain length, we can transform the bicontinous morphology of neat C 8 MIm BF 4 to more isolated and spherical non-polar aggregates as indicated by x-ray scattering and molecular dynamics simulations. As a result of the composition-dependent evolution in morphology, the mesoscale aggregate dynamics, as probed by dynamic-mechanical and broadband dielectric spectroscopy, are significantly altered. The changes to aggregate morphology and dynamics result in a 100% increase in the static dielectric permittivity, also known as the dielectric constant, relative to that of either pure component.
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The chemical structures of C 8 MIm BF 4 and C 2 MIm BF 4 were chosen to approximate the desired mixture consisting of one amphiphilic and one predominantly polar ionic liquid. The imidazolium head group and the anion of each ionic liquid is identical in order to minimize the potential influence of mixture composition on the ion-ion interactions within the polar domains and at polar/non-polar interfaces. In this way, the influence of mesoscale aggregate morphology and dynamics on the transport properties may be investigated independent of any change in ion-ion interactions. To probe the influence of composition on the mesoscale aggregate morphology, and to verify the location of C 2 MIm BF 4 within the polar domain, neat C 8 MIm BF 4 , neat C 2 MIm BF 4 , and 30, 50, and 70mol% C 2 MIm BF 4 mixtures were investigated by x-ray scattering and molecular dynamics simulations. details on the T g 's and temperature-dependent relaxation rates are presented in the Supplementary Information. In order to emphasize the influence of composition on the slower mesoscale dynamics, the spectra in Figure 3 are shown versus frequency normalized by the rate of the structural relaxation, ω α . In this representation, it is evident that an additional relaxation is present in each experiment at rates slower than that of the primary structural relaxation in agreement with prior studies. [27, 42, 43] In neat C n MIm BF 4 ionic liquids, the emergence of the slow dynamics was found to coincide with the onset of solvophobic aggregation, as evidenced by the development of the x-ray scattering pre-peak, and by a comparison between the relaxation rates with those previously obtained by neutron spin echo spectroscopy.[27, 29-31] Therefore, the slow relax-ations were attributed to fluctuations of the mesoscale aggregates at timescales longer than the structural relaxation. This attribution is further substantiated by Yamaguchi's recent computational work which shows that a cross-correlation exists between the shear stress relaxation and the slow relaxation of the domain structure corresponding to the scattering pre-peak. [28] It should also be noted that similar slow, sub-structural relaxations are also observed in some other mesoscopically ordered liquids, most notably monohydroxy alcohols, where they are also attributed to a supramolecular origin. [44] [45] [46] [47] [48] [49] Despite the apparent similarities in the dielectric and dynamic-mechanical spectra, these techniques are sensitive to distinctly different correlations within the bulk liquid, i.e. polarization and the stress tensor, respectively. Therefore, a careful comparison of the influence of composition on the strength and rate of the slower mesoscale aggregate dynamics, as obtained by each technique, may provide a useful insight into its molecular origin.
Upon dilution of C 8 MIm BF 4 with C 2 MIm BF 4 , the slow mechanical mesoscale relaxation is gradually reduced in strength until at 70mol% C 2 MIm BF 4 it is barely visible as a low-frequency shoulder to the structural relaxation. However, relative to the structural relaxation rate, the rate of the slow relaxation is independent of composition. This trend is in stark contrast to observations of the slow dielectric relaxation. Upon addition of C 2 MIm BF 4 , the slow dielectric relaxation substantially increases in strength and shifts to lower frequencies relative to the structural, α-relaxation rate. The relaxation rates and strengths are provided in the Supplementary Information. The divergence in the composition dependence of the slow relaxations probed by each technique indicates a possible sensitivity of the dielectric relaxation mechanism to the mesoscale aggregate shape or morphology which is lacking in the mechanical relaxation.
Several factors could potentially influence the mesoscale aggregate dynamics such as the composition-dependent volume fraction, shape, and size of the aggregated non-polar domains as well as any alteration in ion-ion interactions at the polar/non-polar interfaces. By our choice of cation and anion for the two ionic liquid components we have attempted to minimize the latter effect and will not consider it further. The size of the non-polar domains is probed by the real-space correlation distance corresponding to the x-ray scattering pre-peak.
These distances, given in the inset of Figure 1 The increase in ε s is due to the concentration-dependent aggregate shapes illustrated by the inset cartoons.
the mechanical and dielectric spectra. We also note the relative invariance of the mechanical mesoscale aggregate relaxation rate as evidence for this relatively minor change in nonpolar domain size. The gradual reduction in the strength of the slow mechanical relaxation is consistent with a reduction in volume fraction of the non-polar aggregate domains in which it originates. Accordingly, the opposite composition-dependence of the slow dielectric relaxation strength suggests an overriding influence of aggregate shape rather than volume fraction.
It is proposed that the slow dielectric relaxation originates from interfacial polarization at the polar/non-polar interfaces. From numerous studies on heterogeneous liquids and solids it is well established that interfacial polarizations are strongly dependent on the shapes of the included domains. [50] [51] [52] [53] A change in the shapes of the aggregates might therefore be the origin of the observed increases in strength of the slow relaxation. The influence of a transition in aggregate shape on interfacial polarization can be ascertained using an effective medium approximation (EMA). EMAs are useful approximate approaches to relate the shape and volume fractions of a filler phase located within host matrices to the macroscopic dielectric properties of the composite, provided the properties of the two phases can be estimated. [53] [54] [55] [56] 
